Female sex predisposes individuals to poorer outcomes during respiratory disorders like cystic fibrosis and influenza-associated pneumonia. A common link between these disorders is dysregulation of alveolar fluid clearance via disruption of epithelial sodium channel (ENaC) activity. Recent evidence suggests that female sex hormones directly regulate expression and activity of alveolar ENaC. In our study, we identified the mechanism by which estradiol (E2) or progesterone (P4) independently regulates alveolar ENaC. Using cell-attached patch clamp, we measured ENaC single-channel activity in a rat alveolar cell line (L2) in response to overnight exposure to either E2 or P4. In contrast to P4, E2 increased ENaC channel activity (NPo) through an increase in channel open probability (Po) and an increased number of patches with observable channel activity. Apical plasma membrane abundance of the ENaC ␣-subunit (␣ENaC) more than doubled in response to E2 as determined by cell surface biotinylation. ␣ENaC membrane abundance was approximately threefold greater in lungs from female rats in proestrus, when serum E2 is greatest, compared with diestrus, when it is lowest. Our results also revealed a significant role for the G protein-coupled estrogen receptor (Gper) to mediate E2's effects on ENaC. Overall, our results demonstrate that E2 signaling through Gper selectively activates alveolar ENaC through an effect on channel gating and channel density, the latter via greater trafficking of channels to the plasma membrane. The results presented herein implicate E2-mediated regulation of alveolar sodium channels in the sex differences observed in the pathogenesis of several pulmonary diseases. sex hormones; alveoli SEX STEROID HORMONES HAVE a very well described and essential role in sexual differentiation, maturation, and reproduction and have a more recently recognized role in cancer (21). In addition, sexual dimorphisms have been observed in many aspects of physiology, including pulmonary pathophysiology (5, 63). For example, females with cystic fibrosis present more often than males with bacterial lung infections and have greater rates of hospitalization (47, 58, 68) . Also, epidemiological data collected during several influenza epidemics have revealed that, compared with young males, young adult females exhibit increased rates of hospitalization and greater mortality as a result of influenza-associated complications, such as pneumonia (32, 55, 67a). It is unclear whether the sexual dimorphisms in cystic fibrosis and influenza patient outcomes relate to genetic sex or to the effects of sex hormones alone.
sex hormones; alveoli SEX STEROID HORMONES HAVE a very well described and essential role in sexual differentiation, maturation, and reproduction and have a more recently recognized role in cancer (21) . In addition, sexual dimorphisms have been observed in many aspects of physiology, including pulmonary pathophysiology (5, 63) . For example, females with cystic fibrosis present more often than males with bacterial lung infections and have greater rates of hospitalization (47, 58, 68) . Also, epidemiological data collected during several influenza epidemics have revealed that, compared with young males, young adult females exhibit increased rates of hospitalization and greater mortality as a result of influenza-associated complications, such as pneumonia (32, 55, 67a) . It is unclear whether the sexual dimorphisms in cystic fibrosis and influenza patient outcomes relate to genetic sex or to the effects of sex hormones alone.
A common link between these two diseases is that both cystic fibrosis and influenza infection alter alveolar fluid clearance (AFC) through dysregulation of the epithelial sodium channel (ENaC) in alveolar cells (8, 9) . Alveolar ENaC has an essential role in regulation of AFC by regulating sodium transport, which is required to maintain a stable fluid layer across the alveolar epithelium (12) . Sexual dimorphisms in AFC are apparent in both humans (2) and rats (33) and, at least in rats, are attributable to an amiloride-sensitive mechanism, suggesting a role for ENaC. Investigators have reported that mRNA expression of ENaC subunits in the lung changes both during the female estrous cycle (60) and in alveolar cells in response to exogenously administered female sex hormones (34) .
In the latter study, Laube and colleagues showed that female sex hormones increased the number of cells with ENaC channel activity using a fetal distal lung epithelial cell line. However, this study did not address whether this effect was specific to ␤-estradiol (E2) or progesterone (P4) nor did the study address the identity of the steroid receptors and mechanisms responsible for this hormonal effect on alveolar ENaC. In addition, the study did not address whether the hormones increased ENaC activity through greater channel number or open probability (P o ). Importantly, the cell model used in that study originates from fetal rats presenting a possible issue with respect to steroid receptor expression levels and steroid responses in these cells compared with those from postpubescent rats. Several studies show significant differences in sex steroid receptor expression and action during development (7, 50, 64) . It is also not known whether these cells came from male or female rats, which can drastically affect responsiveness to sex steroid hormones, again in relation to steroid receptor expression differences between the sexes. Finally, the concentrations of hormones used were supraphysiological. In cycling female rats, the maximal circulating levels of E2 are Ͻ1 nM (16, 36) and for P4 are Ͻ100 nM (40) .
Taken together, these studies suggest that female sex hormones might regulate alveolar ENaC expression and channel abundance, but, given the very high concentrations of hormones and sometimes inappropriate cell models in previous studies, it is unclear if these hormones regulate ENaC under physiological conditions. In the present study, we 1) determined whether the effect of physiological concentrations of female sex hormones on alveolar ENaC are specific to either E2 or P4, 2) identified whether the hormonal effect is specific to either the highly selective or nonselective ENaC present in alveolar cells, 3) characterized how the hormone(s) alters channel activity (i.e., P o or N, subunit expression, and localization, etc.), and 4) identified the steroid receptor responsible for the effect of this hormone.
MATERIALS AND METHODS
Cell culture and hormone treatments. Rat (female) L2 cells (P29 -P63) from ATCC (catalog no. CCL-149) were subcultured in Ham's F-12K (catalog no. 21127022; Invitrogen) medium supplemented with 2 mM L-glutamine (catalog no. 25030081; Invitrogen) and 1.5 g/l sodium bicarbonate supplemented with 10% fetal bovine serum (Invitrogen) and antibiotics. For experiments, these cells were seeded on 12 (0.5-1 ϫ 10 4 cells/insert)-or 24 (2-4 ϫ 10 5 cells/insert)-mm Corning Polyester Transwell permeable supports (catalog nos. 3460 and 3450, respectively) in a medium containing phenol red-free DMEM/F-12 (catalog no. 21041025; Invitrogen) supplemented with 10% charcoal-stripped fetal bovine serum (catalog no. F-6765; Sigma) and antibiotics. The top (apical side) medium was subsequently removed at 2-4 h postplating. In the next 24 -48 h, the bottom (basolateral side) medium was replaced with fresh medium containing vehicle or hormones. For experiments assessing the acute effects of hormones on single channel activity, hormones were applied directly to the bath after a recording period of ϳ5 min.
All hormones were dissolved in 100% ethanol such that the final concentration of ethanol used was Յ0.002% vol/vol (vehicle). E2 (catalog no. E2758) and P4 (catalog no. P8783) from Sigma-Aldrich (St. Louis, MO) were used at 0.73 nM (200 pg/ml) and 32-64 nM (10 -20 ng/ml), respectively. 2,3-Bis(4-hydroxyphenyl)propionitrile (DPN), a selective agonist of estrogen receptor ␤ (ER␤), and rel-1-
, a selective agonist of the G protein-coupled estrogen receptor (Gper), were purchased from Cayman Chemical (Ann Arbor, MI) and used from 2 to 10 nM.
For knockdown of ␣ENaC expression, we used a silencing vector [short-hairpin RNA (shRNA)] previously reported to reduce the expression of rat ␣ENaC in vivo (38) . Twenty-four hours postplating, we transfected the cells with 3 g/cm 2 of the pSilencer 3.0-H1 vector (Ambion) containing either a nontargeting shRNA sequence or one specific for rat ␣ENaC using the Xfect Transfection Reagent (Clontech). We collected whole cell or cell surface proteins from cells 48 -72 h posttransfection.
Single channel analyses. The bath and electrode solutions consisted of 140 mM NaCl, 4 mM KCl, 1 mM CaCl 2, 1 mM MgCl2, and 10 mM HEPES titrated to a pH of 7.4 with NaOH with a final osmolality of 290 -310 mosmol/kgH 2O. Filamented glass electrodes (TW-150F; World Precision Instruments) were pulled on a two-stage vertical puller to achieve a resistance of 5-10 M⍀. After the creation of a gigaohm seal on an individual cell, channel activity was recorded for 5-15 min at a pipette holding potential of 0 or 20 mV using a Dagan PC-One patch-clamp amplifier with a low-pass three-pole Bessel filter set at either 100 or 1,000 Hz. Recordings of activity at other holding potentials were used to generate current-voltage relationships. Data were digitally collected at a sampling frequency of 5 kHz (Digidata 1440a and pCLAMP10; Axon Instruments) and digitally filtered at 30 Hz to analyze single channel events. Channel density (N) in a given patch was calculated as the number of individual current transitions (levels) observed during the recording. The pCLAMP 10 software program calculated NP o using the equation:
where i denotes the number of open channels, ti the time the channels are open, and T the total recording time. NPo was multiplied by the fraction (f) of patches with observable channel openings and closures (Table 1) denoted as fNP o to correct for the presence of "empty" patches that exhibited no channel activity. Channel Po was calculated as the ratio of NPo/N. The slope of the current-voltage relationship was used to calculate channel conductance.
For patches with multiple channels of different types (highly selective vs. nonselective), point amplitude histograms were analyzed using the program PeakFit (SPSS, Chicago, IL), which is specifically designed to fit multiple Gaussian peaks. We fit the amplitude histograms, and, based on our observation of the records and the magnitude of the mean current for each peak, determined the type and number of channels (see Fig. 2 ). Once the assignments had been made, NP o could be calculated from a modification of the formula above:
in which N is the total number of observable levels for a specific channel type [e.g., highly selective channels (HSCs)], A i is the area of the peak for the ith number of channels for a specific type (i.e., the area of the peak that corresponds to 1, 2, or 3 HSCs, etc.), and Atot is the sum of the area of all peaks (including the peak corresponding to all closed channels). This approach allowed us to resolve up to nine levels and assign them to either HSCs or nonselective channels (NSCs).
Real-time PCR. Cells were washed with ice-cold phosphate-buffered saline (PBS), and RNA was extracted using Trizol (Life Technologies) according to the manufacturer's protocol. The RNA was converted to cDNA using the QuantiTect Reverse Transcription Kit (Qiagen). Real-Time PCR was performed on an Applied Biosystems 7500 Fast Real-Time PCR instrument. For the reaction, we used 20 ng cDNA, validated probes specific for the rat genes Scnn1a or Actb (QuantiTect primer assay; Qiagen), and the QuantiTect Sybr Green PCR Kit according to the manufacturer's instructions. All reactions were run in triplicate and corrected for loading using Actb, calculated as the difference in cycle threshold (C t), dCt ϭ CtScnn1a Ϫ CtActb.
Cell surface biotinylation. For biotinylation experiments, the cells (apical side only) were washed with ice-cold PBS two times. The PBS was replaced with a borate buffer containing 0.5 mg/ml biotin (EZLink Sulfo-NHS-SS-Biotin; ThermoScientific) and incubated at 4°C with rocking for 30 min. After removal of the biotin solution, the cells were incubated in medium containing 100 mM L-lysine monohydrochloride (Sigma-Aldrich) for 15 min at 4°C with rocking. The cells were washed two times with PBS and then lysed in RIPA buffer containing protease inhibitors and 2 mM EGTA. The protein concentration in each lysate was determined using the Pierce BCA Assay (ThermoScientific), and equal total protein amounts from each lysate were incubated with avidin beads (NeutraAvidin Agarose Resins; ThermoScientific) overnight or for 1 h at 4°C with rocking. The samples were centrifuged, and the supernatant was removed. The beads were washed with RIPA (as above) three times; and biotinylated proteins were eluted from the beads with incubation in Laemmli (SDS) sample buffer with 100 mM DTT at 95°C.
Animals. Animal use was approved by the Emory University Institutional Animal Care and Use Committee. Female Wistar rats (192-265 g body wt) were maintained on a reverse light-dark cycle (14:10), fed standard laboratory chow (LabDiet 5001), and allowed free access to water. The stage of the estrous cycle for each rat was determined through microscopic assessment of vaginal smears over the course of 1-2 wk according to standard protocols (4, 22) . Following death by live decapitation, tissues were collected, snapfrozen on dry ice, and stored at Ϫ80°C. Estrous cycle assessment was confirmed by measurement of uterine weight, which is greatest during proestrus (66). Tissue membrane protein isolation. A small portion (10 -40 mg) of the lower tip of the left lung was washed in PBS containing protease inhibitors. The tissue was minced and homogenized using an Omni hand-held tissue grinder, and membrane proteins were extracted from the tissues using the Mem-PER kit (ThermoScientific). The Pierce SDS-PAGE Prep kit (ThermoScientific) was used to remove SDS-PAGE-incompatible detergents and concentrate the protein samples. Protein concentrations were measured using a BCA assay (ThermoScientific).
Western blotting. Samples of equal total protein amounts were boiled in SDS sample buffer containing either 100 mM ␤-mercaptoethanol or DTT at 95°C. The samples were run on a precast polyacrylamide gel (Any kD; Bio-Rad) and transferred to polyvinylidene difluoride at 350 mA for 1.5-2 h. The blots were blocked in 2.5% Rodeo blocker (Affymetrix) in TBS with 0.05% Saddle Soap (Affymetrix) or in 5% nonfat dry milk (Carnation) in TBS with 0.05% Tween 20 for 1 h at room temperature. Blots were then incubated at 4°C in polyclonal primary antibodies (rabbit anti-rat ␣ENaC 1:250) overnight with rocking. We generated the rabbit anti-rat ␣ENaC antibody against a fusion protein of the rat ␣ENaC epitope from K250-S347 present in the extracellular loop of the protein, using a method previously described by our laboratory to generate antibodies against Xenopus ENaC epitopes (39, 42, 43, 46, 59) . Antibodies were extracted from rabbit serum using the Pierce Melon Gel IgG Purification Kit (catalog no. 45206; ThermoScientific). To determine specificity of the antibody, the immunizing peptide was extracted as a fusion protein tagged with maltose-binding protein (pMal vector, NEB), and antibodies were incubated for 1-2 h with this fusion protein before standard immunoblotting. After being washed, blots were incubated in 1:5,000 anti-rabbit IgG conjugated to horseradish peroxidase (HRP; Affymetrix) for 1 h. Alternatively, blots were incubated in 1:50,000 monoclonal mouse anti-␤-actin-HRP (no. A3854; Sigma) at room temperature for 15-30 min. After exposure of blots to enhanced chemiluminescence reagent for 5 min, digital photos were taken with a Kodak Gel Logic 2200 imager. Densitometry was performed using ImageJ software (National Institutes of Health). Band intensity was corrected for background and normalized as a ratio to the loading control (actin). For each individual blot, the relative difference in band intensity was calculated compared with that in the vehicle or diestrous group (set to 1).
Statistical analyses. We performed statistical analyses using SigmaPlot 12 (SysStat) or Microsoft Excel (z-test). For comparison of proportions, we evaluated statistical significance using a z-test or chi-squared test. For comparison of two normally distributed groups, we used a one-or two-sided t-test. For comparisons of samples that were not normally distributed or that had substantially different standard deviations, we used nonparametric tests, either a Mann-Whitney Rank Sum (two samples) or a Kruskal-Wallis One-Way ANOVA on Ranks (three samples) test. If significance was detected, we performed an appropriate post hoc test to detect differences between particular groups. For comparisons before and after treatment within the same group, we used a paired t-test. P Ͻ 0.05 was set as the threshold for significant difference between groups. Data are presented as means Ϯ SE unless otherwise noted.
RESULTS

E2 stimulated alveolar ENaC single channel activity.
In studies examining the effect of female sex hormones on ENaC, investigators typically used supraphysiological hormone doses (4 nM-1 M). To determine if female sex hormones affect ENaC activity in alveolar cells at physiological doses observed during the rodent estrous cycle (16, 36, 40) , we treated L2 cells with a combination of 0.73 nM E2 and 32 nM P4 overnight or with E2 and P4 individually. The concentrations used are similar to the hormone concentrations observed during proestrous or estrous phases of the estrous cycle (16, 36, 40) . Figure 1A shows representative channel recordings from cells treated with vehicle, E2-P4, E2, and P4 overnight. The recordings show both a HSC with a longer mean open time and smaller current amplitude than the NSC. Figure 1 assesses total ENaC activity as the combination of HSC and NSC. Combined E2-P4 treatment significantly increased ENaC fNP o in cell-attached patches from L2 cells (Fig. 1B) .
Because investigators previously showed that P4 decreased ENaC P o when expressed in Xenopus oocytes (44), we hypothesized that E2 and P4 might have different effects on channel activity. Therefore, we next examined ENaC single channel activity in response to overnight exposure to 0.73 nM E2 or 64 nM P4, separately. Single channel recordings from patches of E2-treated cells showed a significantly greater sodium channel fNP o compared with those from vehicle-treated cells (Fig. 1C) . There was no difference between P4 and vehicle-treated cells. We next assessed the effect of E2 on P o and N separately (Fig.  1 , D and E, respectively). For these analyses, we only used patches with observable channel openings and closures, since we cannot tell if a patch with no distinct events occurs as a result of there being no channel in the patch or channels with a P o of zero. E2 significantly increased P o in patches with channel activity compared with vehicle. In contrast, E2 did not significantly affect N in those patches. However, we did observe that the fraction (f) of patches exhibiting channel activity was 94% in patches from cells treated with E2 overnight, whereas only 62 and 55% of patches from vehicle-or P4-treated cells exhibited channel activity, respectively (Table 1) . Also, the distribution of the number of levels (channels) per patch shifted to the right (i.e., greater numbers of channels/ patch) in the E2-treated group compared with vehicle (Fig. 1F) . The data shown in Table 1 and Fig. 1F suggest that E2 increased the number of channels at the apical plasma membrane.
E2 selectively activated nonselective ENaC. We next investigated whether the E2 effect on ENaC was specific to either the HSC or NSC. From current-voltage relationships, we calculated the conductance for channels present in all patches from the L2 cells. As shown in the representative recordings and graphs of the current-voltage relationships in Fig. 2A , there existed two predominant channel types: one with a small conductance (mean conductance of 6.4 Ϯ 0.55 pS for all channels) and one with a large conductance (21 Ϯ 1.7 pS for all channels). These results are consistent with those previously reported for the highly selective and nonselective ENaC present in alveolar cells (12) . Using combined analyses of amplitude histograms and standard single channel analyses using ClampFit, we calculated NP o for HSCs and NSCs separately from cell-attached patches of vehicle-and E2-treated cells. Representative amplitude histograms are shown in Fig. 2B . Channel activity is low in the vehicle-treated groups as demonstrated by the small peak shown for the HSC in the amplitude histograms. NSCs exhibited a similar level of activity in vehicle-treated cells. However, with E2 treatment, activity of the NSC in particular increased as demonstrated by the larger peak in the E2 graph. Indeed, the mean NP o was significantly greater for the NSC after overnight exposure to E2 compared with vehicle (Fig. 2C) . One data value was removed from the HSC-E2 group because of verification as an outlier by the Grubb's test. Table 2 shows the average current amplitudes, N, E2 did not affect gene expression but increased apical localization of ␣ENaC. Steroid hormones are most well-known for binding to cytosolic steroid receptors that translocate to the nucleus, bind hormone-responsive elements, and induce/repress transcription. Therefore, it is possible that E2, through a transcriptional mechanism, increased ENaC subunit mRNA and protein expression levels, resulting in a shift in the number of patches with observable channel activity. Because we detected greater activity of only the NSC with E2 treatment, we hypothesized that an effect of E2 on ENaC expression would be exclusive to ␣ENaC because it is required for the NSC (29) . To first assess this hypothesis, we examined whether overnight treatment with E2-P4 altered mRNA of ␣ENaC in L2 cells using real-time PCR. We detected no dramatic differences in ␣ENaC gene expression (mRNA) between vehicle (n ϭ 3, dC t 14.8 Ϯ 0.162 SD) and E2-and P4-treated (n ϭ 3, dC t 14.5 Ϯ 0.103 SD) cells.
To follow up these experiments, we determined if E2 changed ␣ENaC protein expression or altered subcellular distribution of the subunit in L2 cells. We first characterized the newly generated ␣ENaC antibody using antigen competition experiments. As shown in Fig. 3A , antigen competition demonstrated specificity of the antibody in whole cell lysates to proteins at ϳ75 and 60 kDa, corresponding to full-length and cleaved ␣ENaC, respectively. In cell surface lysates, the antigen competition experiments resolved specificity of the antibody to an ϳ95-kDa band consistent with the full-length, glycosylated form of ␣ENaC and to an ϳ60-kDa band consistent with a known cleavage product of ␣ENaC. To confirm specificity by an additional method, we reduced ␣ENaC expression using silencing vectors. Knockdown of ␣ENaC with shRNA eliminated or reduced the intensity of both the 75-and 60-kDa bands in whole cell lysates and of both the 95-and 60-kDa bands in cell surface lysates (Fig. 3B) . The shRNA knockdown of ␣ENaC produced a smaller size band detected by the antibody that is likely a result of translational repression, a common occurrence with RNA interference (65) .
Using the validated antibody, we assessed the effect of E2 on ␣ENaC expression in whole cell lysates from L2 cells. There were no significant differences in the levels of the 75-or 60-kDa ␣ENaC bands in E2-treated L2 cells (Fig. 3C ). Taken together with the mRNA data, these results indicate that, at physiological levels, E2 does not considerably affect expression of ␣ENaC in alveolar cells.
In addition to their transcriptional effects, steroid hormones also rapidly activate signaling cascades involving protein kinases, secondary messengers, and transactivation of other receptors that affect trafficking of proteins to/from the plasma membrane (24) . The steroid hormone, aldosterone, which is known to stimulate ENaC activity, both increases ␣ENaC transcription and, through rapid signaling events, promotes 
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greater apical membrane abundance of ENaC subunits (13) . Thus, in the next experiment, we examined whether E2, like aldosterone, increases apical membrane localization of ␣ENaC. Using cell surface biotinylation, we examined apical membrane abundance of ␣ENaC in L2 cells after overnight exposure to vehicle or E2. We observed much greater apical membrane localization of the 60-kDa ␣ENaC cleavage product in E2-treated cells compared with vehicle (Fig.  3D) . These results are consistent with a predominant effect of E2 on ␣ENaC localization and the nonselective ENaC channel.
Membrane ␣ENaC abundance is greatest in the female rat lung during proestrus. There are three stages of the rodent estrous cycle: diestrus, proestrus, and estrus (22) . The total cycle length is 4 -5 days long with typically 2 days of diestrus followed by 1 day each of proestrus and estrus. The proestrous phase of the rodent cycle corresponds to the follicular phase of the human female, in which circulating E2 levels are maximal (0.37-0.73 nM in rodents). During diestrus and estrus, E2 levels are considerably less (0.073-0.15 nM in rodents). To assess if E2 altered ␣ENaC membrane abundance in vivo, we compared the abundance of ␣ENaC membrane protein from the lungs of female rats at the diestrous, proestrous, and estrous phases of the estrous cycle. We detected ϳ75-, 60-, and 30-kDa bands for ␣ENaC in rat lung protein samples consistent with the full-length, nonglycosylated form of rat ␣ENaC (predicted 77 kDa full length) along with two distinct cleavage products described previously in the literature. We also identified these cleavage products in cell surface samples from the L2 rat alveolar cells. Membrane ␣ENaC levels (75-and 60-kDa band) in the lung appeared greatest in female rats during proestrus and, possibly, estrus compared with diestrus (Fig. 4A) . Densitometry revealed that the membrane abundance of the 75-and 60-kDa ␣ENaC proteins was almost three times greater in lungs from proestrous rats compared with those from diestrous rats. In addition, cytosolic abundance of ␣ENaC decreased in lungs from proestrous rats, although this effect was not significant compared with those in diestrus (Fig. 4B) . These data are 
Cell Surface
Veh. E2 Fig. 3 . E2 increased cell surface abundance of cleaved ␣ENaC in L2 cells. A: we first assessed the specificity of the ␣ENaC antibody to proteins of interest in whole cell and cell surface lysates from L2 cells using antigen competition. In whole cell lysates, the antibody detected ϳ75-and 60-kDa bands (Ϫ), both of which were decreased by the presence of the immunizing antigen (ϩ). For cell surface lysates, the antibody detected 150-, 95-, 60-, and 47-kDa bands (Ϫ). The ϳ95-and 60-kDa bands decreased in intensity in the presence of the immunizing antigen (ϩ). B: to further confirm the specificity of the antibody, we transfected cells with a control nontargeting (NT) short-hairpin RNA (shRNA) or a rat ␣ENaC shRNA to knock down protein levels of ␣ENaC specifically. The ␣ENaC shRNA eliminated the 75-kDa band and reduced the 60-kDa band in whole cell lysates and reduced the 95-and 60-kDa bands in cell surface extracts. C: we next examined the total protein abundance of ␣ENaC in whole cell lysates from L2 cells treated with vehicle or E2 overnight. There were no significant differences in the 75-or 60-kDa bands. D: using cell surface biotinylation, we examined the apical plasma membrane abundance of ␣ENaC in L2 cells treated with vehicle (Veh) or E2 overnight. Representative blots are shown with an arrow that denotes the band of interest. Densitometry revealed a significant increase in the density of the ϳ60-kDa band of ␣ENaC in E2-treated groups compared with vehicle (n ϭ 5). Data are shown as means Ϯ SE. *P Ͻ 0.05 vs. vehicle by z-test.
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consistent with an effect of E2 on alveolar ␣ENaC membrane localization in vivo.
E2 rapidly activated ENaC through the Gper. Our observation that E2 significantly increased ENaC P o suggested that E2 has a direct effect on channel gating. The nongenomic effects of steroid hormones on channel gating occur rapidly (within minutes) (15, 24, 51) , so we tested this hypothesis by assessing the rapid effects of E2 on ENaC activity in L2 cells. We recorded single sodium channel events in response to an acute application of E2. Representative recordings are shown in Fig. 5A . Within ϳ5-10 min after application of E2, ENaC NP o increased significantly from baseline activity (Fig. 5B) . These data confirm a rapid effect of E2 on ENaC single channel function.
E2, like other steroid hormones, acts through binding and activation of steroid hormone receptors, of which there exist three well-known estrogen receptors: ER␣, ER␤, and Gper (15, 62) . Both ER␤ and Gper are expressed in the lung (3, 7, 57) . To determine if either of these receptors mediated the rapid effect of E2 to increase ENaC NP o , we performed cell-attached patch clamp in L2 cells and recorded single channel activity before and after application of the ER␤ agonist, DPN, or the Gper agonist, G-1. Representative recordings are shown in Fig.  5C . DPN did not significantly affect channel NP o (Fig. 5D) . In contrast, within 10 -15 min, G-1 significantly increased ENaC NP o from a baseline of 0.0316 Ϯ 0.0217 to 0.341 Ϯ 0.122, an effect comparable to that observed for E2.
Estrogen receptors alter cell surface abundance of fulllength and cleaved ␣ENaC. To determine the mechanisms of the acute and chronic effect of E2 on ENaC activity, we examined differences in cell surface abundance of full-length and cleaved ␣ENaC in L2 cells treated for 30 min or overnight with vehicle, 2 nM DPN, or 10 nM G-1. Using cell surface biotinylation, we observed differences in cell surface ␣ENaC abundance within 30 min after treatment with G-1 compared with DPN or vehicle. A representative blot is shown in Fig. 6A . Densitometric analysis revealed that 30 min application of G-1 increased cell surface abundance of the 95-kDa band detected for rat ␣ENaC (Fig. 6B) . These data are consistent with our observation that G-1 rapidly induced ENaC activity in L2 cells and suggest that the mechanism involves changes in ␣ENaC membrane localization.
Our previous results showed between a two-and threefold increase in the 60-kDa cleavage product of ␣ENaC at the cell surface in L2 cells treated overnight with E2. Thus, we examined whether the effect of E2 originated via ER␤ or Gper. Overnight treatment with 2 nM DPN or 10 nM G-1 did not appear to have a dramatic effect on ␣ENaC cell surface abundance (Fig. 6C) . However, there was a modest but significant increase in the relative density of the 60-kDa band with DPN treatment (Fig. 6D) , suggesting that ER␤ signaling also affects ENaC apical localization with chronic exposure to E2.
DISCUSSION
Several studies now indicate that sex steroid hormones alter ENaC expression and/or activity in several tissues, including the lung. In this study, we showed that the female sex hormone, ␤-estradiol (E2), increases ENaC NP o when rat alveolar cells are exposed to the hormone chronically (overnight) or acutely (within minutes) and that E2 primarily regulates the activity of the nonselective ENaC channel. We further demonstrated that chronic E2 exposure produces an increase in channel density and P o through what appears to be largely a result of greater membrane abundance of the mature form of ␣ENaC, the ϳ60-kDa cleavage product. Consistent with this effect, we observed approximately three times greater membrane abundance of full-length and cleaved ␣ENaC in lung homogenates from female rats in proestrus compared with those in diestrus, suggesting a role of E2 in vivo. Moreover, we discovered that A: representative blots of ␣ENaC membrane protein (hydrophobic fraction) from lungs of female rats at the diestrous (D), proestrous (P), and estrous (E) stages of the estrous cycle are shown. Densitometry was performed to measure the relative difference in combined intensity of the ϳ60 and 75-kDa bands detected for membrane ␣ENaC between diestrus (n ϭ 5) (set to 1) and proestrus (n ϭ 6) or estrus (n ϭ 5). The relative density of membrane ␣ENaC was ϳ3 times greater in rat lungs during proestrus compared with diestrus. B: representative blots of ␣ENaC cytosolic protein (hydrophilic fraction) from lungs of female rats at the diestrous, proestrous, and estrous stages of the estrous cycle are shown. Densitometry was performed to measure the relative difference in combined intensity of the ϳ60-and 75-kDa bands detected for cytosolic ␣ENaC between diestrus (n ϭ 3) (set to 1) and proestrus (n ϭ 3) or estrus (n ϭ 3). There were no significant differences between the groups. All data points are shown as means Ϯ SE. *P Ͻ 0.05 vs. diestrus as determined by z-test.
the estrogen receptor, Gper, mediates the acute effect of E2 on ENaC activity and rapidly increases ␣ENaC cell surface levels. The more chronic effect of E2 to alter ␣ENaC cell surface abundance at least partially involves ER␤. The results presented herein demonstrate for the first time that E2 specifically increases alveolar ENaC activity and membrane abundance both in vitro and in vivo through the estrogen receptor, Gper. Overall, these results strongly support a role of ENaC in the sex differences observed in many pulmonary diseases. In 1998, Sweezey and colleagues showed that lung mRNA expression of ␣ENaC was greater in female rats compared with males and that combined E2 and P4 (not individual) treatment of alveolar epithelial cells increased amiloride-sensitive shortcircuit current (60) . Over the next decade, sex steroid regulation of alveolar ENaC was largely unstudied. However, several papers were published regarding sex differences and sex hormone regulation of ENaC in the kidney (1, 19, 25, 30, 52 ). In the past year, two groups published data showing that female sex hormones (E2 and P4 in combination) increase amiloridesensitive current and the number of responsive patches in lung epithelial cells (34) and that female rats exhibit greater amiloride-sensitive AFC than males (33) . Neither of these studies addressed the role of E2 and P4 separately, and the in vitro study used supraphysiological concentrations of these sex hormones that led to questions about the physiological role of these hormones to alter ENaC activity. Our results show, for the first time, that, at physiological relevant concentrations, the sex hormone responsible for enhanced ENaC activity in the female lung is E2, not P4, and that this effect involves mechanisms outside of the traditional role of steroid hormones to regulate transcription.
There exist several possibilities for the mechanism of E2's effect on alveolar ENaC. Steroid hormones are commonly assumed to act through a transcriptional mechanism mediated by cytosolic hormone receptors; despite this assumption, much literature now exists showing rapid, nongenomic actions of steroid hormones. Our results suggest that E2 stimulates ENaC activity through a nongenomic mechanism because we observed no effect of E2 on ␣ENaC gene expression or total protein levels.
For both their genomic and nongenomic effects, estrogens are most well-known to act through the estrogen receptors, ER␣ and ER␤. Reports indicate that the fetal and adult lung only express ER␤ (7, 57) . However, in 2005, Revankar and colleagues described a novel estrogen receptor, GPR30 (51). The investigators described this receptor as a transmembrane G protein-coupled estrogen receptor (also known as Gper) predominantly found in the endoplasmic reticulum. Previous to that discovery, other investigators cloned the Gper gene from rat lung and originally named it GPR41 (3). Since that time, Gper in the lung has largely been left unstudied other than in lung tumors (56) . For a review of the role of Gper in cancer and normal renal/vascular physiology, please refer to the article by Filardo and Thomas (15) .
Our results indicate that the acute effect of E2 on ENaC activity is predominately mediated through Gper. This effect likely occurs either as a result of insertion of new channels in the plasma membrane or decreased retrieval of old channels out of the plasma membrane as indicated by increased cell surface localization of ␣ENaC within 0.5 h after treatment with the Gper agonist, G-1. Gper's regulation of ENaC plasma membrane insertion and/or retrieval is a completely novel mechanism of regulation of ENaC. Future studies should address the intracellular mechanisms (e.g., cAMP/PKA pathway) that mediate this effect and whether it is specific to females or also occurs in males.
Our results also demonstrate that E2 predominantly activates the nonselective ENaC present in L2 alveolar cells. Previous studies from our laboratory demonstrated that the ␣ENaC subunit is required for activity of the NSC in isolated alveolar type II cells (29) . Thus, our result showing that E2 specifically increases ␣ENaC membrane abundance in L2 cells and in lungs from proestrous rats supports our conclusion that E2 selectively increases NSC activity in type II alveolar cells. However, NSCs are present in both alveolar type I and type II cells (12) , and the L2 cell line used in this study predominantly has an alveolar type II-like phenotype (10) . Thus, future studies should focus on whether E2 activates NSCs and maybe even HSCs in type I alveolar cells.
Our results demonstrate that E2 and the estrogen receptor agonists affected cell surface abundance of different forms of the ␣ENaC subunit. Since 2003, there have been several publications reporting different cleavage products for ␣ENaC as well as for the ␤-and ␥ENaC subunits (11, 14, 17, 18, 20, 26 -28, 48, 61) . Most of these studies focused on the different products present in kidney tissue. However, a few addressed the products in lung tissues (11, 20, 61) . Based on these studies, we conclude that the specific cleavage products detected depend upon the specific tissue (cells and organs), species, glycosylation, and the antibody epitope used in the experiments.
The antibody used will have a significant effect on the bands detected for ␣ENaC because of the presence of protease cleavage sites in the extracellular loop of the protein. Indeed, furin cleavage sites exist immediately adjacent to the NH 2 -terminal side of the epitope of the antibody that we designed. Hughey and colleagues previously demonstrated that, at the plasma membrane, the protease furin cleaves the full-length glycosylated form of ␣ENaC ("immature") with a molecular mass of 95 kDa (26, 27) . This results in the production of 65-and 30-kDa bands that correspond to the "mature" or more active form of the protein. In contrast to the other cited studies, Hughey and colleagues used epitope tags of the NH 2 -and COOH-termini to isolate the individual cleavage products of the subunit, making nonspecific antibody effects unlikely. Ergonul and colleagues also detected these bands in rat kidney and found that aldosterone regulated the levels of the glycosylated (ϳ85 kDa) and the cleaved product (30 kDa) of ␣ENaC (33) .
Consistent with both of those observations, we detected ϳ95-and 60-kDa bands for ␣ENaC at the apical plasma membrane of L2 rat alveolar cells. In addition to these bands, we also detected a band of ϳ47 kDa for ␣ENaC at the plasma membrane of L2 cells. No other publication has explicitly 
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ESTRADIOL ACTIVATES ENaC IN RAT ALVEOLAR CELLS described the presence of this cleavage product for ␣ENaC. However, antigen preadsorption of our antibody reduced the intensity of this band, and this product increased with G-1 treatment of the L2 cells along with ENaC activity. Future studies should address the identity of this band and whether it represents a specific cleavage product of ␣ENaC.
Investigators examining ␣ENaC in the lung detected a 75-kDa version of ␣ENaC that likely corresponds to the nonglycosylated form of the protein, a doublet at 60 and 65 kDa, and a 30-kDa cleavage product (9, 16, 61) . We detected both the 75-and ϳ60-kDa bands in rat lung membrane samples. We do not yet know whether the 30-kDa band detected in the rat lung membrane homogenates is a specific cleavage product of ENaC. However, there exist several potential trypsin cleavage sites within our antibody epitope, many of which would explain the presence of the 30-kDa band and even the 47-kDa band present in L2 cells. In addition, results from several of the publications above show the presence of a 30-kDa band for ␣ENaC in the kidney and lung. Taken all together, these publications and our results suggest that the 30-kDa band is a specific ␣ENaC cleavage product. Although the role of glycosylation on ENaC function is not clear, it is clear from previous studies that proteases regulate the function of ENaC in the plasma membrane. In effect, the cleavage products of ␣ENaC have significant meaning with respect to activity of the channel.
Our observations that E2 activates alveolar ENaC activity may have implications in diseases like cystic fibrosis and influenza. After the onset of puberty, female patients exhibit more severe symptoms and a worse prognosis than males for both of these diseases. Cystic fibrosis is a genetic disease in which affected individuals have an inactivating mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) leading to both respiratory and digestive disorders. Many studies have provided evidence that CFTR controls AFC through its negative regulation of sodium and fluid reabsorption by the ENaC in alveolar cells (35, 37, 41, 45, 49, 54, 69) . Thus inactivation of CFTR in cystic fibrosis leads to dehydrated airways that produce thick mucus with resulting persistent cough and greater chance of infection. In light of our data showing that E2 increases alveolar ENaC activity, we speculate that the worsened symptoms present in females with cystic fibrosis relate to an additional increase in alveolar ENaC activity that correlates with circulating E2 levels. Whether female cystic fibrosis patients exhibit worse symptoms during certain stages of the menstrual cycle and whether certain types of hormonal contraceptives worsen or improve these symptoms would be quite interesting and important to examine.
In contrast to cystic fibrosis, influenza infection decreases AFC in mice (23, 67) and directly inhibits activity of ENaC in alveolar cells (8) . Interestingly, human and rodent females exhibit worsened prognosis with influenza infection (31, 32, 53, 55, 67a) and, at least in humans, these sex differences in mortality and morbidity relate to influenza-associated pneumonia. In addition, influenza causes a state of constant diestrus in female rodents resulting in low circulating levels of E2, and treatment of female rodents with E2 reduces the rate of influenza-associated mortality (53) . Taken together, we propose a double-hit hypothesis in which influenza directly inhibits alveolar ENaC activity and reduces circulating E2 levels. This, in turn, produces a drastic reduction in AFC in females. We also propose that this is the mechanism of influenza-associated pneumonia and the observed greater mortality rate in females. However, this theory remains to be tested.
In conclusion, herein we demonstrated that the female sex steroid, E2, activates alveolar ENaC, and more specifically nonselective ENaC, through both an increase in channel P o and density of the ␣ENaC subunit at the apical membrane of rat alveolar cells. Our results also show that this effect likely occurs in a time-dependent fashion via two distinct estrogen receptors, Gper and ER␤. Future investigation should focus on further understanding the intracellular mechanisms (e.g., Gper, ER␤, cAMP/PKA, etc.) by which E2 changes ENaC activity and on the applicability of these findings to treat pulmonary diseases that disproportionately affect females, with particular emphasis on cystic fibrosis and influenza.
